INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is the most common form of dementia, estimated to affect around 50 million people worldwide \[[@ref001]\]. Due to the fact that AD is a progressive neurodegenerative disorder, developing over several years, the pathophysiology of the disease is very complex. The key neuropathological hallmarks of AD are the extracellular plaques, mainly consisting of aggregated amyloid-β (Aβ), and the intracellular neurofibrillary tangles, composed of hyperphosphorylated tau (*p*-tau). In addition, oxidative stress, apoptosis, and neuroinflammation are elevated during the course of the disease \[[@ref002]\].

It has been demonstrated that there is a clear epidemiological association between traumatic brain injury (TBI) and AD \[[@ref003]\], but the mechanism behind this link is still unclear. Interestingly, Aβ plaques may be found in patients within hours following TBI \[[@ref004]\]. If these injury-induced plaques are temporary or result in permanent Aβ pathology is not clear. Since the onset of AD often occurs many years after TBI, long-term cellular mechanisms, such as chronic inflammation, most likely play a central role in the process. In addition to TBI, some of the known risk factors for AD include hypertension and diabetes, which display vascular morbidities \[[@ref005]\], indicating that the vascular system of the brain is important for the development of the disease. Several studies suggest that brain tissue damage following TBI is a chronic process with ongoing brain tissue atrophy for several years after the primary injury \[[@ref006]\]. Despite that, most TBI studies concentrate on the first weeks following injury and very little is known about the inflammation at later time points. However, it has been reported that both reactive astrocytes and macrophages/microglia are still present in the injured brain one year following trauma in rats \[[@ref008]\].

A number of TBI studies have reported effects on cognition and changes in Aβ or tau pathology in mouse models of AD \[[@ref009]\]. Especially, the short-term effect of TBI has been in focus and only a few investigations have included later time points \[[@ref009]\]. None of these studies followed the animals longer than 16 weeks after the inflicted brain trauma or addressed the effect on glial activation at later time points.

Here, we aimed to study the impact of two different TBI models in tg-ArcSwe mice up to 24 weeks following the injury. In order to examine both focal and diffuse aspects of TBI, we use one mostly focal model, controlled cortical impact (CCI), and one mostly diffuse model, midline fluid percussion injury (mFPI). As this is the first long-term study on TBI in tg-ArcSwe mice, we designed the experiments in this way, to not miss an effect elicited by either type of TBI. The tg-ArcSwe mice show elevated levels of soluble Aβ aggregates already at a very young age and develop plaque pathology from around 6-7 months of age \[[@ref020]\]. The trauma was induced when the animals were 3 months old, which is prior to any visible Aβ pathology. The first investigated time point, when animals were 6 months old (12 weeks following TBI), coincides with the first appearance of plaques in uninjured tg-ArcSwe mice and the second time point, when the animals were 9 months old (24 weeks following TBI), coincides with pronounced Aβ pathology in uninjured tg-ArcSwe mice.

The two trauma models cause different damage to the brain; while CCI results in a local ipsilateral cortical contusion with scattered neuronal loss in the underlying hippocampus, mFPI results in widespread axonal injury throughout the brain \[[@ref022]\]. Using immunohistochemistry, biochemical analyses, Morris water maze (MWM), and PET imaging, we could demonstrate that the Aβ burden and astrocyte gliosis were clearly increased in injured tg-ArcSwe mice compared to uninjured tg-ArcSwe control mice, 24-weeks post-TBI. Notably, there was no elevated pathology at 12 weeks after the injury. These results were in line with our findings that the injured animals showed increased neurodegeneration and severe memory deficiency at the latest time point.

MATERIALS AND METHODS {#sec0010}
=====================

Animals {#sec0015}
-------

Transgenic mice carrying the Arctic (E693G) and Swedish (KM670/6701NL) amyloid-β precursor protein (AβPP) (tg-ArcSwe mice) were obtained by in-house breeding on a C57bl/6J background. The tg-ArcSwe mice develop Aβ deposits in the brain that resemble AD neuropathology. More specifically, the tg-ArcSwe mice express elevated levels of soluble Aβ aggregates, such as Aβ protofibrils, accumulate Aβ inside neurons, and develop robust amyloid plaques. In total 51 gender balanced tg-ArcSwe mice were included in the study, 27 males and 24 females. However, 11 mice died before the experiment was finalized (during the 6 months). Hence, the total number of animals that were included in the MWM study and the immunohistochemistry analysis were 40 animals. The following groups were included: 14 naïve mice (7 of these were sacrificed at 3 months and 7 were sacrificed at 6 months), 12 CCI mice (7 of these were sacrificed at 3 months and 5 were sacrificed at 6 months), and 14 mFPI mice (6 of these were sacrificed at 3 months and 8 were sacrificed at 6 months). The mice analyzed with PET were the same individuals that were included in the MWM test and then euthanized at 6 months. Hence, PET scans were obtained for 7 naïve, 5 CCI, and 8 mFPI, but two PET scans of naïve mice were omitted due to technical problems. The animals that were euthanized at 3 months did not undergo PET scanning. The mice were housed at the National Veterinary Institute in Uppsala at 20--22°C, with access to food and water *ad libitum* on a 12 h light/dark cycle. All experiments were approved by the Uppsala County Animal Ethics board, and followed the rules and regulations of the Swedish Animal Welfare Agency (approval number C17/13). An experimental outline is shown in [Supplementary Figure 1](#S1){ref-type="supplementary-material"}A.

Anesthesia {#sec0020}
----------

Anesthesia was induced with inhalation of 4% isoflurane in air. During surgery, general anesthesia was maintained with a mix of isoflurane (1.2--1.4%) and N~2~O/O~2~ (70/30%), delivered through a nose cone. Lubricant eye ointment (Viscotears; Novartis, Basel, Switzerland) was used for corneal protection during the procedure. After being shaved and cleaned with ethanol on the scalp, the mice were placed in a stereotaxic frame and core temperature was maintained at 37°C, using a heating pad controlled by a rectal thermometer. Local anesthesia (Marcain, AstraZeneca, Sweden) was applied to the scalp and the skull was exposed by an incision along the midline. Uninjured controls did not undergo any surgical intervention or anesthesia.

Controlled cortical impact (CCI) {#sec0025}
--------------------------------

A craniotomy (4 mm diameter) was made over the right parietal cortex between the sutures of bregma and lambda using a dental drill. The cortical contusion was delivered by a 2.5 mm diameter piston set to an impact depth of 0.5 mm from a pneumatically driven CCI device (VCU Biomedical Engineering Facility, Richmond, VA, USA). The velocity of the piston was set to 2.8 m/s. The bone fragment was put back in place, secured with tissue adhesive (Histoacryl, Braun, Germany), and the scalp was sutured.

Midline fluid percussion injury (mFPI) {#sec0030}
--------------------------------------

A 3 mm-diameter craniotomy was performed, centered at the midline halfway between bregma and lambda, leaving the underlying dura intact. A plastic cap was secured over the craniotomy with dental cement (Heraeus Kulzer, Hanau, Germany). Injury was produced by attaching the saline filled cap to the Luer-Lok fitting on the fluid percussion device (VCU Biomedical Engineering Facility, Richmond, VA, USA) and releasing a pendulum hitting a saline-filled reservoir, producing moderate injury, into the closed cranial cavity. The peak pressure pulse was 1.40±0.06 atm, measured by a transducer displayed on an oscilloscope and recorded on a computer. Immediately after the injury, each mouse was visually monitored for apnea duration and seizures. Anesthesia was then resumed, the cement and the cap were removed, the bone flap was replaced, and the skin was closed with sutures. Mice were moved to a cage with a heating pad until they had recovered from anesthesia and were fully ambulatory.

Morris water maze {#sec0035}
-----------------

To evaluate spatial learning and memory, we used the MWM test \[[@ref023]\], in which the mice are placed in white 1.4 m-diameter circular tank, filled 20 cm with 22°C water. The test is performed by putting the mice into different starting positions from where they have to find a fixed 10 cm-diameter platform placed in the southwest quadrant of the tank and submerged 1 cm below the surface. Simple visual cues to aid navigation are placed on roller curtains surrounding the tank. 16 training trials over a 4-day interval (4 trials per day) were performed in the MWM at week 12 or week 24 post-injury. Each swim trial was performed by placing the mouse in the tank at one of four designated entry points facing the wall. The trial was recorded using a digital tracking system (HVS Image, Buckingham, UK). The trial was terminated when the mouse located and stayed on the platform. The mouse was allowed to remain undisturbed on the platform for 15 s or placed there if it had not located the platform in order to acquire the visual cues surrounding the pool. For each MWM learning trial, the latency to find the platform, swim speed and path length were analyzed.

PET scanning {#sec0040}
------------

To investigate the *in vivo* brain accumulation of Aβ aggregates, PET scanning was performed with the Aβ protofibril selective antibody-based radioligand \[^124^I\]RmAb158-scFv8D3 \[[@ref024]\] in mice (*n* = 7 uninjured~,~ *n* = 5 CCI, *n* = 7 mFPI) 24 weeks after TBI. Animals were i.v. administered with 8.7±1.2 MBq \[^124^I\]RmAb158-Scfv8D3 3 days prior to PET/CT imaging. PET scanning, 60 min, was conducted under 1.5--2.0% isoflurane anesthesia (Baxter Medical AB, Kista, Sweden) in a Triumph Trimodality System (TriFoil Imaging, Inc., Northridge, CA, USA) followed by a 2 min CT scan obtained in the same scanner. Image reconstruction and analysis of radioligand accumulation in the brain was performed as previously described \[[@ref025]\]. All animals were euthanized directly after scanning.

Mouse brain homogenization and fixation {#sec0045}
---------------------------------------

At the time of euthanization, mice were anesthetized with 2.7--3.2% isoflurane (Baxter Medical AB, Kista, Sweden) followed by intracardiac perfusion with 50 ml physiological saline during 2 min. The brain was removed from the cranium and divided coronally in two parts, just anterior to the brain injury site. The anterior part was snap frozen on dry ice to be used for biochemical quantification of Aβ. The posterior part was placed in paraformaldehyde for 24 h. After 24 h, it was cryoprotected in sucrose (10%, 20%, and finally 30%) and stored in 30% sucrose at 4°C until cryostate-sectioned coronally at a thickness of 14*μ*m for immunohistochemical analysis.

The anterior tissue was extracted by adding 5*μ*l cold TBS/mg tissue weight (20 mmol/L Tris and 137 mmol/L NaCl, pH 7.6, complete protease inhibitor cocktail (Roche)). A tissue grinder with Teflon pestle were used with 2×10 strokes on ice. The TBS homogenate was mixed with concentrated formic acid to a concentration of 70%, followed by homogenization and centrifugation at 16 000×g at 4°C for 60 min, and the supernatants were stored at -- 70°C prior to analysis. The reason for mixing TBS with concentrated formic acid to a concentration of 70% is to completely dissolve the tissue and obtain a brain preparation of total Aβ, i.e., including plaque Aβ.

ELISA {#sec0050}
-----

Levels of Aβ~40~ and Aβ~42~, corresponding to total Aβ load, was measured in the formic acid (FA) treated brain homogenates, as previously described \[[@ref025]\]. In brief, 96-well plates were coated overnight with 100 ng/well of rabbit polyclonal anti-Aβ~40~ or anti-Aβ~42~ (custom made by Agrisera) and blocked with 1% BSA in PBS. FA extracts from frontal cortex were neutralized with 2 M tris and diluted 2000× for Aβ~40~ and 200× for Aβ~42~ analysis, then incubated overnight, followed by detection with biotinylated mAb1C3 (0.5*μ*g/ml) \[[@ref026]\] and streptavidin-HRP (Mabtech AB). Signals were developed with K Blue Aqueous TMB substrate (Neogen Corp.) and read with a spectrophotometer at 450 nm. All dilutions were made in ELISA incubation buffer (PBS with 0.1% BSA, 0.05% Tween20 and 0.15% Kathon).

###### 

Overview of antibodies used for immunohistochemistry

  Antibody                   Host/Dilution            Target            Supplier/product number
  ----------------------- ------------------- ----------------------- ----------------------------
  Anti-Aβ~1--16~ (6E10)      Mouse, 1:500             Aβ/AβPP              Covance, SIG-39320
  Anti-Aβ~1--16~ (82E1)      Mouse, 1:100          Aβ N-terminus       IBL International, JP10323
  Anti-DCX                 Guinea pig, 1:800      Newborn neurons          Millipore, AB2253
  Anti-GFAP                  Mouse, 1:400       Reactive astrocytes           DAKO, Z0334
  Anti-Iba1                  Rabbit, 1:200           Microglia              Wako, 019-19741
  Anti-Mac2                   Rat, 1:200       Microglia/macrophages      Cedarlane, CL8942AP
  Anti-Map2                  Rabbit, 1:200            Neurons              Millipore, AB5622
  Anti-Synaptophysin         Rabbit, 1:500      Presynaptic marker           Abcam, ab32127
  Anti-Vimentin             Chicken, 1:500      Reactive astrocytes        Millipore, AB5733
  Anti-chicken 488            Goat, 1:200       Secondary antibody       Thermo Fisher, A11039
  Anti-guinea pig 488         Goat, 1:200       Secondary antibody       Thermo Fisher, A11073
  Anti-mouse 488              Goat, 1:200       Secondary antibody       Thermo Fisher, A11001
  Anti-mouse 555              Goat, 1:200       Secondary antibody       Thermo Fisher, A21424
  Anti-rat 488                Goat, 1:200       Secondary antibody       Thermo Fisher, A11006
  Anti-rabbit 488             Goat, 1:200       Secondary antibody       Thermo Fisher, A11008
  Anti-rabbit 555             Goat, 1:200       Secondary antibody       Thermo Fisher, A21428

Immunohistochemistry {#sec0055}
--------------------

Immunohistochemistry was performed on sections localized right before the injury area; Bregma: 1.32--0.38, to evaluate the expression of Aβ, GFAP, Vimentin, Iba-1, Mac-2, MAP-2, synaptophysin and double cortin (DCX) in brain tissue sections from mice at 12- and 24-weeks post injury. All steps were performed at room temperature unless otherwise mentioned. The slides were air dried for 3 min before rehydration in PBS for 5 min. Non-specific binding was blocked with 5% normal goat serum (NGS, Bionordica) in phosphate buffered saline (PBS) + 0.3% Triton X-100 for permeabilization for one hour in a humidity chamber. The blocking buffer was poured off from the slides before incubating with primary antibody, diluted with 0.5% NGS in PBS + 0.03% Triton X-100, in humidity chamber overnight at 4°C. For specific antibodies and dilutions, see [Table 1](#jad-72-jad190572-t001){ref-type="table"}. The slides were washed 3×10 min in PBS before incubation with secondary antibody ([Table 1](#jad-72-jad190572-t001){ref-type="table"}), diluted with 0.5% NGS in PBS 0.03% Triton X-100, in humidity chamber at 37°C for 1 h. After washing 3×10 min in PBS, slides were mounted with Vectashield Hard Set™ Mounting medium with DAPI (Vector), staining the nuclei.

Quantification and statistics {#sec0060}
-----------------------------

### Morris water maze {#sec0065}

Two-way ANOVA was performed for injury group and trial day. Bonferroni's *post-hoc* test was used to describe the differences between the groups (Statistica, Statsoft, Sweden).

### PET {#sec0070}

Radioligand accumulation was quantified as concentration of \[^124^I\]RmAb158-scFv8D3 in frontal cortex relative to that in cerebellum, i.e., a region largely spared of pathology at this age in tg-ArcSwe mice \[[@ref025]\]. Thus, the concentration ratio indicates radioligand accumulation above what is expected in normal pathology-free tissue. The concentration ratio, often denoted SUVR, is a standard read-out in preclinical as well as in clinical PET studies. The PET data was analyzed with one-way ANOVA followed by Bonferroni's *post hoc* test and presented as mean±standard error of the mean (SEM). Significance levels indicated in the figures correspond to: ^\*^*p*-value \<0.05, ^\*\*^*p*-value \<0.01.

### ELISA {#sec0075}

Aβ concentrations were calculated from a standard curve of serially diluted synthetic Aβ~40~ and Aβ~42~, using a four-parameter equation. The ELISA data was analyzed with one-way ANOVA followed by Bonferroni's *post hoc* test and presented as mean±standard error of the mean (SEM). Significance levels indicated in the figures correspond to: ^\*^*p*-value \<0.05, ^\*\*^*p*-value \<0.01.

### Immunohistochemistry {#sec0080}

The stained brain sections were visualized in a Zeiss Observer Z.1 microscope (Carl Zeiss Microimaging GmbH, Jena, Germany) with objectives 20×/0.4 W, 40×/0.75 W, and 63×/1.4 oil immersion. Images were captured of the regions of interest (ROI) ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}B) and the intensity was measured with Zeiss Zen software. For each animal, 3 sections were stained and 10 images/section for cortex and 2 images/section for hippocampus were captured. The data was analyzed by nonparametric Mann Whitney test, using GraphPad Prism (version 5.03) and shown as mean±standard error of the mean (SEM). Significance levels indicated in the figures correspond to: ^\*^*p*-value \<0.05, ^\*\*^*p*-value \<0.01, and ^\*\*\*^*p*-value \<0.001.

![Severe long-term defects in spatial learning in tg-ArcSwe mice following TBI. The tg-ArcSwe mice performed significantly worse in the Morris water maze test, compared to age-matched uninjured tg-ArcSwe mice at both 12-weeks (A) and 24-weeks (B) post-injury. At the later time point, the mice that had received mFPI mice performed worse than the mice that had received CCI. Two-way ANOVA was performed for injury group and trial day. Bonferroni's *post-hoc* test was used to describe the differences between the groups.](jad-72-jad190572-g001){#jad-72-jad190572-g001}

RESULTS {#sec0085}
=======

Memory deficits in tg-ArcSwe subjected to TBI {#sec0090}
---------------------------------------------

To investigate if CCI or mFPI results in long-term negative effects on spatial learning in tg-ArcSwe mice, we performed MWM analysis at 12 and 24 weeks following the injury and compared their performance to age-matched uninjured tg-ArcSwe mice. At both time points, we found a significant increase in the latency to find the platform (*p* \< 0.05) in mice that received TBI, as compared to the uninjured tg-ArcSwe mice ([Fig. 1](#jad-72-jad190572-g001){ref-type="fig"}A, B). At the later time point, the mFPI mice performed worse than the CCI mice ([Fig. 1](#jad-72-jad190572-g001){ref-type="fig"}B). We did not detect any difference in swim speed between the groups, but the swim distance was significantly increased for the injured mice at 24-weeks post-TBI, compared to uninjured mice, corresponding to the increased latency to find the platform ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}).

PET analysis shows earlier Aβ pathology following TBI {#sec0095}
-----------------------------------------------------

PET imaging revealed significantly higher accumulation of \[^124^I\]RmAb158-scFv8D3 in the frontal cortex of mFPI and CCI tg-ArcSwe mice, compared to uninjured tg-ArcSwe mice, indicating an increased accumulation of Aβ in this region ([Fig. 2](#jad-72-jad190572-g002){ref-type="fig"}A, B). Quantification of total Aβ levels in brain tissue homogenates showed no significant increase in the TBI groups, compared to tg-ArcSwe uninjured mice ([Fig. 2](#jad-72-jad190572-g002){ref-type="fig"}C). While this difference was not significant due to high variability, mainly caused by two individuals with very high Aβ load in the mFPI group, there was an overall good correlation with the PET quantification ([Fig. 2](#jad-72-jad190572-g002){ref-type="fig"}D).

![Earlier Aβ pathology following TBI. Sagittal view of PET images obtained with \[^124^I\]RmAb158-scFv8D3 administered to mice 3 days before scanning (A). Quantification of PET ratio (frontal cortex/cerebellum) from PET images revealed that frontal cortex signal was significantly higher in mice subjected to both forms of TBI compared to uninjured mice (B). ELISA Quantification of total total Aβ40 + 42 in frontal cortex showed a similar trend as PET (C), with a significant correlation to the PET ratio (D). The PET data and the ELISA data were analyzed with one-way ANOVA followed by Bonferroni's *post hoc* test. Graphs display group mean with error bars for SEM. \**p* \< 0.05; \*\**p* \< 0.01.](jad-72-jad190572-g002){#jad-72-jad190572-g002}

Increased Aβ deposits and reactive astrocytes 24 weeks following TBI {#sec0100}
--------------------------------------------------------------------

In order to study the long-term glial response and Aβ pathology in tg-ArcSwe mice following CCI or mFPI, we performed immunohistochemistry with brain sections from animals sacrificed 12 weeks and 24 weeks after the injury. Immunostainings with antibodies specific to the astrocyte marker GFAP, revealed that there was no significant increase in GFAP expression 12 weeks after injury ([Fig. 3](#jad-72-jad190572-g003){ref-type="fig"}A, B). Instead, there was lower GFAP expression in mice that received mFPI, compared to uninjured animals, while there was no difference between animals that revived CCI and uninjured animals. Interestingly, there was a two-fold increase in GFAP-expression in both groups of injured mice at 24 weeks, compared to uninjured controls. These results indicate a prominent long-term effect of TBI, resulting in a pronounced chronic astroglial response half a year after the trauma. The analysis of Aβ burden in mice, following CCI or mFPI, using the Aβ specific antibody 6E10, confirmed PET and ELISA analyses and demonstrated that both injuries resulted in an increased Aβ pathology as compared to uninjured mice at 24-weeks, but not at 12-weeks post-injury, which is in line with the astrocyte response. Moreover, the immunostainings illustrate that the reactive astrocytes were mostly situated around Aβ plaques ([Fig. 3](#jad-72-jad190572-g003){ref-type="fig"}A, C).

![Elevated GFAP expression and Aβ deposition at 24 weeks following CCI or mFPI. Immunostainings, revealed that there was no significant increase in reactive astrocytes, GFAP (green) and Aβ deposits (6E10, red) in tg-ArcSwe mice at 12 weeks after CCI or mFPI. At24 weeks, there was a clear increase in both GFAP-expression and Aβ deposition in both injury groups at, compared to uninjured controls (A). Analysis of the fluorescence signal confirmed that there was a significant increase in GFAP-expression and Aβ deposition 24 weeks after CCI or mFPI (B-C). The data was analyzed by nonparametric Mann Whitney test and the graphs display mean±SEM. Scale bars: Low magnification = 20*μ*m, high magnification = 50*μ*m. \*\**p* \< 0.01, \*\*\**p* \< 0.001.](jad-72-jad190572-g003){#jad-72-jad190572-g003}

Next, we performed additional stainings with specific antibodies to vimentin, a protein that is highly expressed in reactive astrocytes. As predicted, there was a very low expression of vimentin in the uninjured tg-ArcSwe brain. Following CCI, the vimentin expression was markedly induced and could easily be detected ([Fig. 4](#jad-72-jad190572-g004){ref-type="fig"}). At 12-weeks post-injury, vimentin was prominently expressed in astrocytes that were in close proximity to the injury-site. However, vimentin expression could not be detected in regions distant from the CCI injury-site or in the brains of mice that received mFPI at this time point. At week 24 after injury, the pattern of vimentin expression was different. Vimentin positive, reactive astrocytes were then frequently found in both injured and uninjured animals, but exclusively around the plaques where it overlapped with GFAP expression ([Fig. 4](#jad-72-jad190572-g004){ref-type="fig"}). However, at this time point vimentin expression was very sparse in the region close the CCI lesion site.

![Increased expression of Vimentin at 12 weeks following CCI. Immunostainings demonstrated that Vimentin (red) and GFAP (green) had different expression patterns. There was a clear increase of Vimentin positive astrocytes in close proximity to the lesion site at 12 weeks following CCI (injured area CCI), while the expression in distant regions was very low. At week 24, Vimentin positive astrocytes were frequently found in both injured and uninjured animals, but exclusively around the plaques where the Vimentin expression overlapped with the GFAP expression. The Vimentin expression close to the CCI lesion site was very sparse at this time point. Scale bars: Low magnification = 20*μ*m, high magnification = 50*μ*m.](jad-72-jad190572-g004){#jad-72-jad190572-g004}

Increased number of activated microglia 24 weeks after CCI {#sec0105}
----------------------------------------------------------

In order to analyze the microglia activity in the tg-ArcSwe mouse brain following CCI or mFPI, we performed stainings with antibodies specific for Iba-1 ([Fig. 5](#jad-72-jad190572-g005){ref-type="fig"}A, B). At the earlier time point, 12-weeks post-TBI, there was a very sparse expression of Iba-1 in both uninjured and injured mice. Interestingly, there was significantly less Iba-1 expressing microglia in mice that received CCI or mFPI at this time point, compared to uninjured controls ([Fig. 5](#jad-72-jad190572-g005){ref-type="fig"}B). At 24 weeks after TBI, there was a two-fold increase of Iba-1 reactivity in mice that received CCI, compared to uninjured tg-ArcSwe mice, indicating that similar to astrocytes, microglia are activated at late time points following injury ([Fig. 5](#jad-72-jad190572-g005){ref-type="fig"}B). Notably, CCI resulted in a more prominent late microglial activation, compared to mFPI. Double stainings with the Aβ antibody 82E1 clearly demonstrated that microglia were predominately found in close proximity to the plaques ([Fig. 5](#jad-72-jad190572-g005){ref-type="fig"}A).

![Induced number of activated microglia 24 weeks after CCI. Immunostainings with antibodies specific for Iba-1 (green) and the Aβ antibody 82E1 (red) demonstrated that microglia were found in close proximity to the plaques (A). At 12-weeks post-TBI there was a sparse expression of Iba-1 in both uninjured and injured mice. There was significantly less Iba-1 expression in mice that received CCI or mFPI at this time point, compared to uninjured controls. 24 weeks after TBI there was a two-fold increase of Iba-1 reactivity in mice that received CCI, compared to uninjured tg-ArcSwe mice (B). The data was analyzed by nonparametric Mann Whitney test and the graph displays mean±SEM. Scale bars: Low magnification = 20*μ*m, high magnification = 50*μ*m. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.](jad-72-jad190572-g005){#jad-72-jad190572-g005}

Next, we examined the number of activated, Mac-2 positive microglia/macrophages in the in tg-ArcSwe mouse brain 12 and 24 weeks following CCI or mFPI ([Fig. 6](#jad-72-jad190572-g006){ref-type="fig"}). There was a very low number of Mac-2 positive cells in both uninjured and injured mice. At the later time point, Mac-2 positive cells were found around the plaques of both uninjured and injured mice. However, the Mac-2 staining was strongest in CCI-injured animals at both time points ([Fig. 6](#jad-72-jad190572-g006){ref-type="fig"}). Quantification of the Mac-2 positive cells revealed 0.4±0.7 positive cells/field in uninjured animals, 10.9±5.0 positive cells/field in CCI-mice and 1.9±2.6 positive cells/field in mFPI-mice at 12 weeks. At 24 weeks there was 2.1±1.0 positive cells/field in uninjured animals, 11.5±6.1 positive cells/field in CCI-mice, and 2.7±1.9 positive cells/field in mFPI-mice.

![Mac-2 positive cells around plaques in both uninjured and injured mice. Immunostainings using specific antibodies to amyloid-β (6E10, red) and activated microglia/macrophages (Mac-2, green) showed that there was a very low number of Mac-2 positive cells in the brains of both uninjured and injured mice at 12 weeks post-injury. At 24 weeks post-injury, there was an increased number of Mac-2 positive cells found around the plaques of both uninjured and injured mice, but the Mac-2 staining was strongest in CCI-injured animals. Scale bars: 20*μ*m.](jad-72-jad190572-g006){#jad-72-jad190572-g006}

Elevated expression of synaptophysin 24 weeks after TBI {#sec0110}
-------------------------------------------------------

In our investigation of cellular processes that could be altered by CCI or mFPI, we next studied the neuronal dendrite network in tg-ArcSwe mouse brain following CCI or mFPI, by using specific antibodies to MAP2 ([Fig. 7](#jad-72-jad190572-g007){ref-type="fig"}). Our immunostainings showed that there was a clear disruption of the MAP2 positive processes in the areas of Aβ pathology at the 24-week time point that was not seen at week 12. Where the plaques had developed, there were clear gaps in the MAP2-staining. However, no obvious differences between uninjured mice and mice that received CCI or mFPI was observed and around the plaques, the dendrite network appeared intact ([Fig. 7](#jad-72-jad190572-g007){ref-type="fig"}).

![Aβ pathology interrupts neuronal processes in older animals. Immunocytochemistry showed that there is a clear disruption of the MAP2 positive (green) neuronal processes in the areas of Aβ pathology (6E10, red), especially at the 24-week time point. Scale bars: Low magnification = 20*μ*m, high magnification = 50*μ*m.](jad-72-jad190572-g007){#jad-72-jad190572-g007}

Synapse alterations are widespread in AD and we therefore sought to investigate the effect of CCI and mFPI on the synapse specific marker synaptophysin in the region of hippocampus ([Fig. 8](#jad-72-jad190572-g008){ref-type="fig"}A, B). Immunocytochemistry demonstrated that there was no significant difference in synaptophysin expression at 12 weeks following TBI, as compared to uninjured controls. However, at the later time point, 24 weeks post-injury, there was a clear increase in synaptophysin expression in both the CCI and mFPI animals, indicating a possible compensatory effect due to synaptic dysfunction ([Fig. 8](#jad-72-jad190572-g008){ref-type="fig"}B).

![Elevated expression of synaptophysin 24 weeks after TBI. Immunocytochemistry (A) followed by analysis of the fluorescence signal (B) demonstrated that there was no significant difference in synaptophysin (Syn, red) expression at 12 weeks following TBI, as compared to uninjured controls. At 24-weeks post-injury, it was a clear increase in synaptophysin expression in both the CCI and mFPI animals. The data was analyzed by nonparametric Mann Whitney test and the graph displays mean±SEM. Scale bars: Low magnification = 10*μ*m, high magnification = 50*μ*m. \**p* \< 0.05.](jad-72-jad190572-g008){#jad-72-jad190572-g008}

Increased cell loss in hippocampus at later time points following TBI {#sec0115}
---------------------------------------------------------------------

It is well-known that TBI, as well as early AD pathology, could stimulate neurogenesis \[[@ref028]\]. Therefore, we analyzed the number of DCX positive neuroblasts in the tg-ArcSwe mouse brain following CCI or mFPI ([Fig. 9](#jad-72-jad190572-g009){ref-type="fig"}A, B). We found newly formed neuroblasts in all mice at both time points, but there were fewer DCX positive cells at the later time point in both uninjured and injured animals. However, the TBI had no significant impact on the number of newly formed neuroblasts at these time points ([Fig. 9](#jad-72-jad190572-g009){ref-type="fig"}B).

![No effect on neurogenesis 12 and 24 weeks after TBI. Immunohistochemistry demonstrated that double cortin (DCX, green) positive neuroblasts were present in the tg-ArcSwe mouse brain following CCI or mFPI and in uninjured controls (A). There was fewer DCX positive cells at the later time point in both uninjured and injured animals (B). The data was analyzed by nonparametric Mann Whitney test and the graph displays mean±SEM. Scale bars: Low magnification = 20*μ*m, high magnification = 50*μ*m. \**p* \< 0.05.](jad-72-jad190572-g009){#jad-72-jad190572-g009}

In order to investigate the effect of CCI and mFPI on hippocampal cell loss, we analyzed the cell number by labelling the cell nuclei with DAPI ([Fig. 10](#jad-72-jad190572-g010){ref-type="fig"}A--C). Measurements of the hippocampus thickness revealed a significant reduction at 12-weeks post-TBI in mice that received CCI or mFPI, compared to uninjured controls ([Fig. 10](#jad-72-jad190572-g010){ref-type="fig"}B). At the later time point, 24 weeks, the hippocampus were reduced in all animal groups and there was no longer any difference between uninjured and injured mice ([Fig. 10](#jad-72-jad190572-g010){ref-type="fig"}B). A significant decline in the number of DAPI stained nuclei per area was also found in the CCI and mFPI animals at 12-weeks post-TBI ([Fig. 10](#jad-72-jad190572-g010){ref-type="fig"}C). For the mFPI animals, the DAPI stained nuclei per area was still significantly lower than the uninjured animals at 24-weeks post-injury ([Fig. 10](#jad-72-jad190572-g010){ref-type="fig"}C).

![Increased cell loss in hippocampus at 24 weeks following TBI. The nuclei of the cells were labelled with DAPI (A). There was a significant reduction in hippocampal thickness in both injury group at 12 weeks, as compared to uninjured tg-ArcSwe mice. At 24 weeks, the hippocampal thickness was reduced in all animal groups (B). The DAPI stained nuclei per area was also reduced in the CCI animals at 12 weeks and the mFPI animals at 12 and 24 weeks (C). The data was analyzed by nonparametric Mann Whitney test and the graphs display mean±SEM. Scale bars: Low magnification = 20*μ*m, high magnification = 50*μ*m. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.](jad-72-jad190572-g010){#jad-72-jad190572-g010}

DISCUSSION {#sec0120}
==========

TBI is one of the leading causes of death and disability worldwide. In addition, it is known from epidemiological studies that moderate to severe TBI constitutes a risk factor for AD. Brain trauma induces multiple acute and chronic changes in the brain, for example oxidative stress, axonal degeneration, vascular damage, and widespread neuroinflammation \[[@ref030]\]. However, the exact mechanism behind the increased risk to develop AD remains elusive.

The aim with the present study was to identify cellular processes that could link TBI to AD development, by investigating the chronic impact of two different injury models, controlled cortical impact (CCI) and midline fluid percussion injury (mFPI). It is important to remember that cellular events in animal models of AD and TBI may or may not reflect the disease processes in the human brain. In the human situation, the trauma often occurs years before AD onset. However, to mimic the disease process in a mouse model, the time line had to be adjusted. To study the effect of TBI on AD initiation and progression, it was important to induce the trauma before the mice show any visible Aβ pathology. Hence, 3 months was a good time point. The first investigated time point, when animals were 6 months old (12 weeks following TBI), coincides with the very first appearance of plaques in uninjured tg-ArcSwe mice and the second time point, when the animals were 9 months old (24 weeks following TBI), coincides with pronounced Aβ pathology in uninjured tg-ArcSwe mice. The long-term effect of the TBI on memory deficiency, Aβ pathology, neurodegeneration, and inflammation was investigated by MWM, PET imaging, immunohistochemistry, and biochemical analyses.

Our results from the MWM analysis demonstrate that mice that received CCI or mFPI performed significantly worse than uninjured tg-ArcSwe mice, especially at the later time point, which corresponds to an increased Aβ accumulation. Interestingly, we found that at the later time point, the mFPI mice performed worse than the CCI mice. A possible explanation for this could be that the diffuse injury induced by mFPI progresses more severely over time, compared to the more focal injury induced by CCI. The diffuse injury affects the white matter and axons to a much larger extent than the focal injury, and it is possible that the amyloid protein accumulation causes more cognitive deficits over time in this scenario compared to the more encapsulated focal injury caused by CCI. In a recent study, using a novel technique of tissue preparation, it was found that many axonal swellings after CCI probably were not as severe as reported earlier in the literature. This could suggest that the progression after CCI is rather slow \[[@ref031]\]. In another strain of AD-mice (APP-PS1), it has been reported that young mice develop more post-TBI problems than older mice \[[@ref032]\].

AD is characterized by key neuropathological features, including extracellular accumulation of Aβ in plaques, intracellular aggregation of microtubule-associated protein tau in neurofibrillary tangles and neuroinflammation. According to the amyloid cascade hypothesis, Aβ is the causative agent of AD, consequently driving the formation of neurofibrillary tangles, vascular damage, inflammation, and neuronal cell loss \[[@ref002]\]. Accumulation of Aβ in the AD brain is caused by an imbalance between Aβ production and Aβ clearance and mutations in amyloid-β protein precursor (AβPP) are known to result in early-onset AD by increasing the Aβ levels \[[@ref034]\]. However, since the majority of patients with late-onset AD do not have an increased Aβ production, it has been suggested that the main cause of this form of the disease is instead insufficient lysosomal degradation \[[@ref035]\] or other factors resulting in increased cellular stress, such as oxidative stress, inflammation, or bacterial infections, which in turn result in the accumulation of aggregated proteins \[[@ref005]\].

Importantly, both Aβ and neurofibrillary changes begin during preclinical AD when cognitive deficits are not apparent \[[@ref037]\]. It was shown in the present study that TBI caused an earlier formation of Aβ pathology, compared to what is observed in the uninjured tg-ArcSwe brain, and further that Aβ levels could be monitored by PET. Likewise, the emergence of tau PET radioligands \[[@ref038]\] might be an aid in the future to monitor *in vivo* changes leading to dementia in the brain after TBI. Interestingly, studies in patients using PET ligands for activated microglia found abnormal chronic inflammatory response up to 17 years after the TBI event \[[@ref039]\], pointing to neuroinflammation as a chronic process which may affect brain function for years after TBI.

Immunohistochemistry analysis of Aβ burden in mice, following CCI or mFPI confirmed PET and ELISA results and demonstrated that both injuries resulted in increased pathology at 24-weeks, but not 12-weeks post-injury. Hence the injury induces a delayed accumulation of Aβ in the brain, several months following TBI. Studies of brain autopsies from young TBI patients who died during the acute phase after injury have demonstrated that Aβ plaques, similar to those found in AD patients, are present at the lesion site shortly after the trauma \[[@ref040]\]. It is possible that this acute accumulation of Aβ promotes cellular dysfunction in the brain, i.e., degradation impairment that eventually results in the chronic Aβ pathology. Effective waste removal is crucial for maintaining a healthy brain and any alteration in the clearance capacity may contribute to the development of AD and dementia \[[@ref041]\]. We have previously shown that astrocytes ingest large amounts of aggregated Aβ, but then store, rather than degrade the ingested material. The incomplete digestion results in a high intracellular load of neurotoxic Aβ species and severe lysosomal dysfunction \[[@ref042]\]. Hence, the Aβ-induced degradation impairments will easily turn into a negative spiral.

Interestingly, the severe memory deficits in tg-ArcSwe mice following TBI could not be explained by synaptic loss. Instead, the synapse marker synaptophysin was increased in TBI mice compared to uninjured controls, indicating a compensatory induction of synaptogenesis. However, it was obvious that the increased synapse formation could not rescue the memory function, indicating that the regenerating synapses might be none-functional. Neuroregenerative processes are known to be induced by trauma or diseases in the brain, but apparently the plasticity cannot effectively compensate for the lost behavioral functions. It is possible that the increased regeneration can even result in adverse effects. For example, sprouting of mossy fibers following TBI has been suggested to result in epilepsy \[[@ref043]\]. In contrast to the increased synaptogenesis, our quantification of DCX positive cells, showed that there is no long-term effect on neurogenesis following TBI in the tg-ArcSwe mice.

At 24-weeks post-injury, the mFPI mice demonstrated more severe memory deficits than the CCI mice. This result was in line with the long-term decline in the number of DAPI stained nuclei per area in hippocampus following mFPI, compared to uninjured control mice. Since mFPI results in widespread axonal injury throughout the brain, while CCI results in a local ipsilateral cortical contusion \[[@ref022]\], there is much evidence that white matter injury is linked to much later cognitive impairment in patients (exhaustively reviewed by Filley and Kelly) \[[@ref046]\]. One of the proposed mechanisms is widespread and chronic neuroinflammation \[[@ref047]\] and another is an accelerated aging of the brain \[[@ref048]\]. It is important to remember that wild type mice recover surprisingly well following TBI. For example, it was recently shown that mice that receive a single TBI perform as well as the uninjured controls in the MWM test at 6-months post-injury. However, repetitive injuries result in long-term memory deficits \[[@ref049]\]. It is obvious from our analysis of cell density in the hippocampus that the mice recover rather well from the acute injury.

Carrying *APOE* *ɛ*4 is one of the strongest genetic risk factors in developing late-onset AD \[[@ref050]\]. Interestingly, recovery from TBI also seem to be influenced by *APOE*. Inducing CCI in PDAPP mice (that develop AD symptoms), expressing human *APOE3*, human *APOE4*, or no *APOE*, indicated that *APOE4* may indeed influence the long-term neurodegenerative cascade after TBI via an effect on Aβ \[[@ref051]\].

In this study we demonstrate that TBI resulted in a pronounced chronicastroglial response half a year after the trauma, based on the GFAP expression. Interestingly, there was a two-fold increase in GFAP-expression in both groups of injured mice at 24 weeks, compared to uninjured tg-ArcSwe controls, but there was no significant increase in GFAP expression, at 12 weeks. On the contrary, mice subjected to mFPI had lower GFAP expression 12 weeks after injury, compared to uninjured animals. This is a novel and interesting finding, since at 24 weeks the mFPI-subjected mice showed increased amount of GFAP, suggesting a transient decrease in reactive astrocytes after mFPI. In a more acute study of mild (not midline) FPI in wild type mice, Powell et al. found a peak of GFAP expression 3 days after injury and that the levels had returned to uninjured control levels 21 days after injury \[[@ref052]\]. In our own laboratory, we have previously noticed an increase of GFAP-immunoreactivity up to 7 days after injury in wild type mice. However, the signs of a compromised blood-brain barrier peaked at 3 days after injury and decreased until day 7 \[[@ref053]\]. This suggests that the mice recover after mild FPI initially. Our finding in the present study suggest that the diffuse injury in tg-ArcSwe mice may cause a decrease in reactive astrocytes compared to uninjured animals. To fully elucidate this phenomenon will require more research, but hypothetically, an initial stimulation of the astrocytes could result in a downregulation of GFAP-expression temporarily. As the diffuse injury, progresses between 12 and 24 weeks the astrocytes turn more reactive again, as seen in the increased GFAP-immunoreactivity at 24 weeks.

In a previous a study, we have demonstrated that the expression pattern of vimentin and GFAP differ in old tg-ArcSwe mice \[[@ref054]\]. In 16-month-old tg-ArcSwe mice, vimentin-positive cells are found distinctly around the plaques, while GFAP-positive cells are found throughout the brain. Many of the reactive astrocytes co-express GFAP and vimentin. Among the cells only express one of the markers, there are more single positive cells for GFAP than for vimentin. Moreover, the expression of vimentin in the wild type mice is much lower than the GFAP expression and vimentin positive cells are only found in the hippocampus and surrounding the ventricles. In the present study we found that the expression of vimentin was markedly induced at 12-weeks post-injury, in astrocytes that were in close proximity to the injury-site. At the later time point vimentin positive, reactive astrocytes were frequently found in both injured and uninjured animals, but exclusively around and not at the injury site. Hence, the timing of the increase of the two markers are different. While the vimentin expression peaks at the earlier time point the expression of GFAP comes later. The explanation for this could be that the markers are expressed at different stages of the chronic inflammation or by different subclasses of astrocytes. For example, a subclass of the reactive astrocytes is known to acquire neural stem cell potential after injury \[[@ref055]\]. Our immunostainings show that the vimentin + GFAP + cells were situated tightly around the plaques at the later time point, while vimentin--GFAP + cells were found also in the surrounding tissue. The role of reactive astrocytes in AD development has recently received much attention \[[@ref056]\]. Their complex role in the AD brain is thought to depend largely on their release and uptake of substances from the microenvironment that they share with neurons. Being the most abundant glial cell, astrocytes play an important role in maintaining brain homeostasis \[[@ref057]\]. Neurodegenerative diseases, including AD, are defined by loss of brain homeostasis, which at least partly could be due to the severely stressed astrocytes that are unable to fulfil their normal tasks \[[@ref058]\]. Our previous studies indicate that astrocytes play a central role in the progression of AD, by accumulating and spreading toxic Aβ species \[[@ref042]\]. Interestingly, it was recently shown that wild type rats subjected to CCI, displayed several-fold increased MHCII expression as well as accumulation of phosphorylated tau and AβPP 6 months later \[[@ref060]\]. Whether the MHCII expressing cells were astrocytes or microglia (or both) were however not studied.

Analysis of the Iba-1 reactivity following TBI in the present study showed that the activation of microglia followed the same pattern as the GFAP+astrocytes, with a two-fold increase of Iba-1 at 24 weeks after TBI. Similar to the GFAP expression there was no significant increase in Iba-1 expression at the earlier time point. Interestingly, CCI resulted in a more prominent late microglial activation, compared to mFPI. Moreover, Mac-2 positive microglia/macrophages were most prominent in the CCI-injured animals at 24 weeks post-injury. Taken together, the immunohistochemistry to glial markers indicate that the chronic inflammation is peaking rather late following injury and that CCI results in a more prominent long-term macrophage/microglial activation, compared to mFPI.

Conclusions {#sec0125}
-----------

The relationship between TBI and AD is not understood. In the present study, we demonstrate that TBI induces severe memory deficits in a mouse model of AD, several months after the injury. The injured mice showed a late upregulation of reactive gliosis, which concurred with a more pronounced Aβ pathology, compared to uninjured AD mice. Our results suggest that delayed glial activation may occur following TBI. However, further studies in both experimental models and human TBI patients will be required to explore the relationship between this phenomenon and the onset of AD. By answering the question, whether and how TBI contributes to the development of AD later in life, we may also understand the crucial mechanisms of AD development in general.
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